Hydrogen, the most abundant and lightest element in the universe, has much potential as a future energy source. Hydrogenases catalyse one of the simplest chemical reactions, 2H
Hydrogen, the smallest biological substrate, has great potential as an alternative to limited fossil fuel resources (Das and Veziroglu, 2001 ). In addition to its higher energy content than fossil fuels (Chen et al., 2006) , it is renewable if it is derived from renewable feedstocks (Hawkes et al., 2007) , and the product of hydrogen oxidation is water; hence, the impact of hydrogen on the environment is not relevant (Das and Veziroglu, 2001) .
Production of hydrogen by microorganisms is at ambient temperature and pressure; hence, it requires less energy compared with conventional thermal systems (steam methane reforming, 850°C, 25 bar) (Yi and Harrison, 2005 ) and compared with electrolytic processes. Microorganisms produce hydrogen via two main pathways: photosynthesis and fermentation. Photosynthesis is a light-dependent process, including direct biophotolysis, indirect biophotolysis and photo-fermentation, whereas, anaerobic fermentation, also known as dark fermentation, is a light-independent process (Benemann, 1996; Hallenbeck and Benemann, 2002) . Photosynthetic hydrogen production is performed by photosynthetic microorganisms, such as algae (Benemann, 2000) , photosynthetic bacteria (Matsunaga et al., 2000) and cyanobacteria (Dutta et al., 2005) . Fermentative hydrogen production is conducted by fermentative microorganisms, such as strict anaerobes [Clostridium strains (Levin et al., 2006) , thermophiles (van Niel et al., 2002) , rumen bacteria (Nandi and Sengupta, 1998) and methanogens (Valentine et al., 2000) ], facultative anaerobes [Enterobacter strains (Kumar and Das, 2000; Shin et al., 2007) , Escherichia coli (Yoshida et al., 2007) and Citrobacter species (Vatsala, 1992) ], or mixed cultures (Lay, 2000) . Compared with photosynthetic processes, fermentative hydrogen production generally yields two orders of magnitude higher rates, does not rely on the availability of light, utilizes a variety of carbon sources such as organic compounds, low-cost wastes, or insoluble cellulosic and cellobiose substrates, requires less energy, and is technically much simpler and more stable (Nandi and Sengupta, 1998; Levin et al., 2004; Chen et al., 2006; Kapdan and Kargi, 2006; Ust'ak et al., 2007) . Although hydrogen production yields are usually higher with photosynthetic processes, oxygen is evolved during photosynthesis which inhibits the hydrogenase enzyme which is responsible for H 2 production (Nath and Das, 2004) . In addition, fermentative microorganisms have rapid growth and are not affected by oxygen as much as the main process is anaerobic (any residual oxygen is rapidly consumed at the onset). Therefore, fermentative hydrogen production is more advantageous than the photosynthetic hydrogen production and appears to have more potential for practical applications (Das and Veziroglu, 2001 ).
Formate hydrogen lyase system
The formate hydrogen lyase (FHL) system is a multienzyme complex responsible for molecular hydrogen production from formate (Peck and Gest, 1957) . Formate hydrogen lyase activity has been found in various bacteria such as Salmonella typhimurium (Chippaux et al., 1977; Barrett et al., 1984) , Klebsiella pneumoniae (Steuber et al., 1999) , Rhodospirillum rubrum (Schön and Voelskow, 1976) ; (Voelskow and Schön, 1980) , Methanobacterium formicicum (Baron and Ferry, 1989) , E. coli, and many other coli-aerogenes bacteria (Peck and Gest, 1957) ; however, the FHL complex of E. coli is the most studied and was discovered in 1931 (Stephenson and Stickland, 1931) . The FHL system of E. coli is briefly reviewed here and more detailed information can be found in other reviews (Sawers, 1994; Sawers, 2005) .
The E. coli genome (Hayashi et al., 2006) encodes four nickel-iron hydrogenases: hydrogenase-1 (Hyd-1) (Menon et al., 1991) , hydrogenase-2 (Hyd-2) (Menon et al., 1994) , hydrogenase-3 (Hyd-3) (Böhm et al., 1990) and hydrogenase-4 (Hyd-4) (Andrews et al., 1997) . From these four hydrogenases, Hyd-3 is a part of the active anaerobic FHL complex and is encoded by the hyc operon ( Fig. 1 , Table 1 ) (Böhm et al., 1990; Sauter et al., 1992) . Hyd-1 and Hyd-2 are known as uptake hydrogenases which catalyse hydrogen oxidation and are encoded by the hya (Menon et al., 1991) and hyb operons (Menon et al., 1994) respectively (Fig. 1, Table 1 ). Hyd-3 was first thought to only have hydrogen-producing activity (Bagramyan et al., 2002) ; however, Maeda and colleagues (2007a) recently showed that Hyd-3 has hydrogen uptake activity as well. Hence, Hyd-3 is a reversible hydrogenase, both producing and utilizing hydrogen although the synthesis reaction predominates. Hyd-4, encoded by the hyf operon (Fig. 1, Table 1 ), has high homology with the hyc operon and was first proposed to possess a second FHL complex (Andrews et al., 1997; Bagramyan et al., 2002) . However, Self and colleagues (2004) later showed that the Hyd-4 did not replace the Hyd-3 in hydrogen production and the hyf operon is not expressed in E. coli, but can be activated in the presence Fig. 1 . A. Location of the four structural hydrogenase operons on the E. coli K12 chromosome (AC000091) (Hayashi et al., 2006) . The values in brackets signify the locations of the respective genes on the genome map. B. Organization of the genes of each hydrogenase operon in E. coli. Arrows indicate the direction of transcription. For details for each gene see Table 1 (Hayashi et al., 2006) . of effector-independent FhlA (transcriptional activator of the FHL complex) mutant proteins (Self and Shanmugam, 2000; Self et al., 2001) or HyfR, which is an FhlA homologue for Hyd-4 (Skibinski et al., 2002) .
The FHL complex of E. coli is responsible for the conversion of formate to CO2 and H2 under anaerobic conditions and in the absence of electron acceptors such as oxygen and nitrate (Axley et al., 1990) . The active complex consists of seven proteins, six from the hyc operon (HycBCDEFG) (Böhm et al., 1990; Sauter et al., 1992) and formate dehydrogenase H (Fdh-H encoded by fdhF) (Axley et al., 1990) . In addition, the FHL system is controlled by a transcriptional activator FhlA (Schlensog and Böck, 1990; Hopper et al., 1994) , which is required for the transcription of fdhF and the hyc operon, and a negative transcriptional regulator, HycA (Sauter et al., 1992) . Transcription of the FHL complex is dependent on the presence of formate, acidic pH and the s 54 factor (Hopper et al., 1994; Self and Shanmugam, 2000) . In the presence of formate, FhlA is activated and induces the transcription of the FHL complex by s 54 -RNA polymerase after binding to the upstream-activating sequences. Molybdate also has a role in transcriptional control as a required second effector (Self and Shanmugam, 2000) .
HycE (65 kDa) is the large subunit of Hyd-3 and contains the nickel-iron active site, whereas HycG (28 kDa) is the small subunit of Hyd-3 (Sauter et al., 1992; Sawers, 1994) . HycB (22 kDa) and HycF (20 kDa) are iron-sulfur proteins of Hyd-3 which function as intermediate electron carrier proteins within the FHL complex (Table 1) . HycC (64 kDa) and HycD (33 kDa) are membrane proteins which probably function as an electron transfer protein (Sauter et al., 1992; Sawers, 1994) .
Fdh-H, encoded by the fdhF gene, is a 79 kDa cytoplasmic protein and contains selenocysteine, molybdenum and a [4Fe-4S] cluster at its active site (Axley et al., 1990; Boyington et al., 1997) . Recently a new reaction mechanism was proposed for Fdh-H after re-analysing the crystal structure data and finding that a loop region close to the molybdenum active site was mistraced (PDB:2IV2) (Raaijmakers and Romão, 2006) . It was shown that selenocysteine-140 is not a ligand for molybdenum hence is no longer bound to the metal after reduction of the enzyme with formate. The E. coli genome also encodes two other formate dehydrogenases, Fdh-O and Fdh-N, which can oxidize formate but are not a part of the FHL complex (Sawers, 2005) . Fdh-N is induced in the presence of nitrate under anaerobic conditions and encoded by the fdnGHI operon, whereas Fdh-O is induced under aerobic as well as nitrate-respiring conditions and encoded by the fdoGHI operon. The crystal structure of the Fdh-N, a 600 kDa membrane protein, is also known (PDB:1KQF) (Jormakka et al., 2002) .
Theoretical yield of hydrogen from glucose
The hydrogen yield is defined as the moles of H 2 produced per mole of substrate. Carbohydrates, mainly glucose, are the preferred substrates for fermentative hydrogen production. Starch, cellulose, as well as organic wastes can also be used as substrates. Many microorganisms such as Enterobacter sp., Clostridium sp. and E. coli are capable of producing hydrogen. Depending on the pathways used by the microorganisms and end-products, hydrogen yields may be variable (Levin et al., 2004; Nath and Das, 2004) .
The fermentative route of hydrogen production starts with the conversion of glucose to pyruvate and NADH through glycolysis in both strict and facultative anaerobic bacteria (Hallenbeck, 2005) (Figs 2 and 3 ). In facultative There are several factors that influence the yield, such as whether some of the pyruvate is converted to lactate; these competing paths for obtaining reducing power from pyruvate lower the yield (Hallenbeck, 2005) . In strict anaerobes, such as Clostridium sp. (Fig. 3) , pyruvate is converted to acetyl-CoA and CO2 through pyruvate ferredoxin oxidoreductase (PFOR), and this oxidation requires reduction of ferredoxin (Fd) (Hallenbeck, 2005; Kraemer and Bagley, 2007) . Hydrogen is produced from the reduced Fd by the action of hydrogenase. This results with a maximum yield of 2 mol of H2 per mole of glucose. Two additional moles of hydrogen can be produced from the NADH produced during glycolysis. In this step, NADH is oxidized by Fd reduction by NADH:ferredoxin oxidoreductase (NFOR). Again, hydrogen can be produced from the reduced Fd by hydrogenase. Overall, strict anaerobic bacteria have a theoretical maximum yield of 4 mol of H 2 per mole of glucose, which is the greatest theoretical yield possible. However, in practice, yields are lower, as the NADH oxidation by NFOR is inhibited under standard conditions and only proceeds at very low partial pressures of hydrogen (< 60 Pa) (Angenent et al., 2004; Hallenbeck, 2005; Kraemer and Bagley, 2007 (Chin et al., 2003) . One can obtain the greatest theoretical yield of hydrogen of 4 mol of H2 per mole of glucose when acetate or acetone is the fermentation end-product: When alcohols are the end-products, lower yields of hydrogen are obtained as alcohols contain additional hydrogen atoms that have not been converted to hydrogen gas. Note that, the fermentation end-products and the resultant hydrogen yields vary based on the environmental conditions even within the same bacterium (Hawkes et al., 2002) .
A maximum yield of 4 mol of H2 per mole of glucose is still low for practical applications and a two-stage process has been envisioned to obtain yields closer to the theoretical stoichiometric yield of 12 mol of H2 per mole of glucose (Nath et al., 2005; Hawkes et al., 2007) . Combining dark and photo-fermentation may be a possible way to achieve this goal; however, improvements in sunlight conversion efficiency (such as improvements in sunlight collection and light transfer systems) and photobioreactor development need to be performed to reduce the energy demand and to increase the productivity of the photofermentation step (Hallenbeck and Benemann, 2002; Akkerman et al., 2003) . In the integrated system, the first step, dark fermentation, produces fermentation endproducts, which can then be converted to hydrogen by photo-fermentation. Theoretically, the maximum hydrogen yield of 12 mol of H 2 per mole of glucose may be obtained when glucose is converted to acetate as the terminal product through dark fermentation, which can then be converted into H2 through photo-fermentation (Nath et al., 2005) There are some examples in the literature in which the integrated systems were shown to improve the hydrogen yields; however, the yields were still far lower than the theoretical yield of 12 mol of H2 per mole of glucose. Enterobacter cloacae strain DM11, a facultative anaerobe, produced 1.86 mol of H2 from 1 mol of glucose through dark fermentation, and Rhodobacter sphaeroides strain O.U.001 produced 1.5-1.72 mol of H2 from 1 mol of glucose through photo-fermentation. The hydrogen yield was shown to be higher with the integrated system compare to single-step fermentation (Nath et al., 2005) . Another example of an integrated system resulting in higher hydrogen yields was shown by Kim and colleagues (2006) . In the dark fermentation step, Clostridium butyricum produced hydrogen with a yield of 2.58 mol of H2 per mole of glucose as well as intermediates such as formate, acetate, propionate and butyrate. These intermediates were then converted into 5.72 mol of H2 by R. sphaeroides KD131, resulting in a total yield of 8.3 mol of H2 from 1 mol of glucose.
The current status of mesophilic, continuous, dark, fermentative, hydrogen production using mixed microflora was reviewed by Hawkes and colleagues (2007) . Possible second-stage processes to follow the dark fermentation stage include photo-fermentation, microbial fuel cells and anaerobic digestion; these second stages increase the hydrogen production yield, produce electricity or methane.
Theoretically, stoichiometric yields can be obtained under equilibrium conditions, meaning at very low partial pressures of hydrogen and very slow rates (Hallenbeck and Benemann, 2002) . Under these conditions, which are not practical, Woodward and colleagues (2000) were able to achieve nearly complete conversion of glucose to H 2 and obtained a hydrogen yield of 11.6 mol of H2 per mole of glucose 6-phosphate using pentose phosphate cycle enzymes combined with the hydrogenase from Pyrococcus furiosus that uses NADP + as the electron carrier (Woodward et al., 2000) .
Biochemical structure of hydrogenases
Hydrogenases, the enzymes responsible for the reversible conversion of molecular hydrogen into two protons and two electrons (H2 ↔ 2H + + 2e -), are complex metalloenzymes that can be classified into three groups based on the number and identity of the metals in their active sites: [NiFe]-, [FeFe]-and [Fe]-hydrogenases (Vignais et al., 2001; Vignais and Colbeau, 2004) . They are phylogenetically not related but still share common properties at their active sites; for example, they all contain Fe and CO as a ligand to the Fe atom.
The more common [NiFe]-hydrogenases consist of a small subunit of 30 kDa and a large subunit of 60 kDa which are tightly bound via a large, hydrophobic surface (Fig. 4) (Vignais et al., 2001; Frey, 2002; Vignais and Colbeau, 2004) . The small subunit contains up to three iron-sulfur clusters which mediate the electron transfer between the active site and electron acceptor (or donor) of hydrogenase, while the large subunit contains the nickel-iron active site in which the hydrogen activation occurs. The dinuclear active centre generally consists of a (CysS) 2Ni(m-'O')(m-CysS)2Fe(CN)2(CO) structure where m is the prefix for a bridging ligand (Fig. 5) . The nickel group is coordinated to the protein via four thiol groups from cysteine residues. The Ni and Fe atoms are connected by two of these cysteine residues in both the active and inactive form of the enzyme and by an oxygen atom only in the oxidized inactive form. In addition, one CO and two CN ligands are coordinated to the Fe atom. Hydrophobic channels connect the active centre with the protein surface and most probably mediate gas substrate and product transport. It has been suggested that a few oxygen-resistant hydrogenases have more narrow channels that serve to block oxygen transport to the active site (Vignais et al., 2001; Frey, 2002; Volbeda and FontecillaCamps, 2003; Vignais and Colbeau, 2004) . The first crystal structure of a hydrogenase enzyme was the [NiFe]-hydrogenase from the sulfate-reducing bacterium Desulfovibrio gigas (PDB:1FRV, 2FRV) (Fig. 4) (Volbeda et al., 1995; 1996) . Other known X-ray crystal structures of [NiFe]-hydrogenases were obtained from Desulfovibrio vulgaris Miyazaki F (PDB:1H2A, 1H2R) (Higuchi et al., 1997; , D. fructosovorans (PDB:1FRF) (Rousset et al., 1998) , D. desulfuricans ATCC 27774 (PDB:1E3D) (Matias et al., 1999) and Desulfomicrobium baculatum (PDB:1CC1) (Garcin et al., 1999) .
The large subunits of [NiFe]-hydrogenases include hyaB for E. coli Hyd-1 (Andrews et al., 1997) , hybC for E. coli Hyd-2, hycE for E. coli Hyd-3, hyfG for E. coli Hyd-4, HoxH for Ralstonia eutropha (Burgdorf et al., 2002) , HoxH for D. gigas (Volbeda et al., 1995) and HoxH for Synecocystis sp. PCC 6803 (Tamagnini et al., 2002) . We have aligned these hydrogenases using Vector NTI software to determine their identity ( Table 2 ). The bioinformatics analysis shows that the large subunits of these hydrogenases have very low homology. For example, the large subunit of E. coli Hyd-3 has only 13.7% identity with HoxH of D. gigas whose crystal structure is known (Fig. 4) . Modelling by homology to predict the structure of E. coli Hyd-3 using the structure of D. gigas is quite risky and may impede mutagenesis studies. This low homology illustrates the need for a crystal structure of E. coli Hyd-3.
The second class of [FeFe]-hydrogenases (also known as Fe-only hydrogenases) generally consist of a single catalytic subunit (Nicolet et al., 2000; Vignais et al., 2001; Frey, 2002; Vignais and Colbeau, 2004) . The dinuclear active centre probably consists of a (H 2O)(CO)(CN)Fe(m-CO)(m-NH(CH2S -)2)Fe(CysS)(CN)(CO) overall structure. Both Fe atoms are connected by one CO and two S ligands of a dithiol-bridging ligand [a di(thiomethyl)amine molecule (HN-CH2S -) or propane dithiol] (Zilberman et al., 2007) . Each Fe atom has a CO and a CN ligand. In addition, a [4Fe-4S] cluster is coordinated through the sulfur of a cysteine residue to one of the Fe atoms (Fig. 6 ) (Nicolet et al., 2000; Frey, 2002; Vignais and Colbeau, 2004; Albracht et al., 2006) . The crystal structure of [FeFe]-hydrogenases from Clostridium pasteurianum (PDB:1FEH) (Peters et al., 1998) and D. desulfuricans ATCC 7757 (PDB:1HFE) (Nicolet et al., 1999) such as the presence of iron-sulfur clusters for electron transport, a dinuclear metal centre with CO and CN ligands, and hydrophobic channels connecting the molecular surface to the active site (Volbeda et al., 1995; 1996; Montet et al., 1997) . The third class of [Fe]-hydrogenases (also known as iron-sulfur cluster-free hydrogenases or metal-free hydrogenases) are found in some methanogenic archaea (Zirngibl et al., 1990) . These enzymes are also referred to as H2-forming methylene-tetrahydromethanopterin dehydrogenase as the enzyme catalyses the reversible reduction of -methylene-tetrahydromethanopterin and a proton (Thauer et al., 1996) . Different from [NiFe]-and [FeFe]-hydrogenases, they do not catalyse the reversible conversion of molecular hydrogen into two protons and two electrons and contain neither Fe-S clusters nor nickel (Zirngibl et al., 1992) . They contain a single Fe atom bound with two CO, one S and one or two N/O ligands (Korbas et al., 2006) . Recently, the crystal structure of the apoenzyme of the iron-sulfur cluster-free hydrogenase from Methanocaldococcus jannaschii (PDB:2B0J) (Pilak et al., 2006) was determined. The crystal structure of the mature iron-sulfur cluster-free hydrogenase and its catalytic mechanism are still unknown.
Maturation proteins
The biosynthesis of [NiFe]-hydrogenases and [FeFe]-hydrogenases are distinct from each other; however, they share some common properties such as requiring guanine nucleotide-binding proteins (GTPases), with similar roles (Leach and Zamble, 2007) . The biochemical pathways for the synthesis and incorporation of the NiFe(CO)(CN) 2 metal centre in [NiFe]-hydrogenases are briefly described here. By comparison, more progress needs to be made in understanding the biosynthesis of [FeFe]-hydrogenases.
The maturation steps of [NiFe] biosynthesis include (i) the biosynthesis of CO and CN, the diatomic ligands of the active site, (ii) insertion of the one CO and two CN ligands to the Fe atom, (iii) insertion of the Fe(CN)2CO complex into the hydrogenase, (iv) insertion of the Ni atom into the active site of hydrogenase, and (v) correct folding before delivery to the membrane (Forzi and Sawers, 2007) . More detailed information can be found on the maturation steps of [NiFe]-hydrogenases in other review papers (Forzi and Sawers, 2007; Leach and Zamble, 2007) .
There are many genes encoding accessory proteins that participate in the maturation of nickel-containing hydrogenases. For example, at least seven proteins are required for the maturation of Hyd-3 in E. coli, which is the most studied hydrogenase: six of the proteins are from the hyp (hydrogen pleiotropy) operon (hypABCDEF), and an endopeptidase is encoded by hycI . The function of these genes on the maturation process has been studied (Table 3) ; however, more research needs to be performed to understand the complete biochemical pathway of the active site synthesis.
The crystal structures of HypB from M. jannaschii (Gasper et al., 2006) , HypC, HypD and HypE from Thermococcus kodakaraensis (Watanabe et al., 2007) , HybD from E. coli (Fritsche et al., 1999) , HypF N-terminal acylphosphatase domain (residues 1-91) from E. coli (Rosano et al., 2002) , and the NMR solution structure of HycI from E. coli (Yang et al., 2007) are known (Table 3) and provide insight into their functions in maturation process.
Maturation of [FeFe]-hydrogenases may not require as many proteins as it only requires the biosynthesis and insertion of the catalytic iron-sulfur cluster known as the H-cluster. Initial studies on how [FeFe]-hydrogenases are biosynthesized showed that the HydE, HydF and HydG proteins are required (Table 3) (King et al., 2006) . McGlynn and colleagues (2007) showed that the inactive hydrogenase structural protein (HydA) of Clostridium saccharobutylicum can be rapidly activated by the maturation proteins of Clostridium acetobutylicum which are expressed in concert (HydEFG) in E. coli (McGlynn et al., 2007) . The group proposed that the HydE, HydF and HydG proteins form an H-cluster precursor, which is transferred to the inactive hydrogenase structural protein in order to active it.
Metabolic engineering of fermentative systems
There are several examples of metabolic engineering applications to increase the fermentative or photosynthetic hydrogen production. Some of the examples concerning enhanced photosynthetic hydrogen production can be found elsewhere (Miyake et al., 1999; Vignais et al., 2006; Rey et al., 2007) . Examples discussed here concern improving fermentative hydrogen production pathways.
Recombinant strains can be created through genetic and metabolic engineering, which leads to higher levels of hydrogen production. The hydrogen yield is suboptimal in many organisms containing uptake hydrogenases, as some of the produced hydrogen is consumed. Therefore, knocking out the genes encoding uptake hydrogenases is one way to enhance hydrogen production. Other ways to increase hydrogen production include overexpression of hydrogen-evolving hydrogenases, shutting down metabolic pathways that compete for hydrogen production, and overexpression of cellulases, hemicellulases and lignases that can maximize glucose availability (Levin et al., 2004; Nath and Das, 2004 ). Table 4 summarizes the H 2 production rates and yields for some of the recombinant and wild-type strains.
The metabolic pathway for the fermentation of glucose by E. coli is shown in Fig. 2 . The fermentation products are hydrogen, acetate, ethanol, lactate, formate and some succinate (Clark, 1989) . Although several microorganisms can produce hydrogen through dark fermentation, E. coli has many advantages, such as rapid growth and simple nutritional requirements. It is also easy to perform metabolic engineering to increase hydrogen production in E. coli, as E. coli is easily manipulated through genetic engineering. To enhance hydrogen production, recombinant strains of E. coli were developed having mutations in several genes, for example, in the large subunit of uptake Hyd-1 and -2 (hyaB and hybC respectively) (Maeda et al., 2007b,c) , in lactate dehydrogenase (ldhA) (Bisaillon et al., 2006; Yoshida et al., 2006; Maeda et al., 2007c) , in the FHL repressor (hycA) (Penfold et al., 2003; Yoshida et al., 2005; Maeda et al., 2007b,c) , in the FHL activator (fhlA) (Yoshida et al., 2005; Bisaillon et al., 2006; Maeda et al., 2007b,c) , in fumarate reductase (frdBC) (Yoshida et al., 2006; Maeda et al., 2007c) , in the Tat system (tatA-E) (Penfold et al., 2003; , in the alpha subunit of the formate dehydrogenase-N and -O (fdnG and fdoG respectively) (Maeda et al., 2007b,c) , in the alpha subunit of nitrate reductase A (narG) (Maeda et al., 2007b,c) , in pyruvate dehydrogenase (aceE) (Maeda et al., 2007c) , in pyruvate oxidase (poxB) (Maeda et al., 2007c) and in proteins that transport formate (focA and focB) (Maeda et al., 2007b,c) (Fig. 2) . et al. (2002) GlcNAc, N-acetylglucosamine. Yoshida and colleagues (2005) enhanced fermentative biohydrogen production from formic acid by overexpressing the FHL activator encoded by the fhlA and by inactivating the FHL repressor encoded by the hycA in E. coli K-12 strain W3110. The strain in which fhlA was overexpressed had 1.7-fold higher hydrogen production, whereas the hycA-inactivated strain had 1.2-fold higher hydrogen compared with the wild-type strain. The hydrogen production rate was 2.8-fold higher with both fhlA overexpressed and hycA inactivated (recombinant strain SR13). The fhlA overexpression and hycA inactivation caused a 6.5-fold increase in the formate dehydrogenase expression encoded by fdhF and a sevenfold increase in the Hyd-3 large subunit expression encoded by hycE. Further enhancement in hydrogen production rate from formic acid was achieved using the mutant strain SR13 under the high cell density [254 mmol (mg protein) Table 4) (Yoshida et al., 2005) .
In another study by Yoshida and colleagues (2006) , enhanced hydrogen yields from glucose was demonstrated by blocking the competing lactate (via deleting ldhA) and succinate (via deleting frdBC) production pathways. The maximum hydrogen yield was found to be 1.08 mol of H2 per mole of glucose with the wild-type E. coli K-12 strain W3110, whereas the E. coli strain with fhlA overexpressed, hycA inactivated, and ldhA and frdBC deleted (SR14) had a maximum hydrogen yield of 1.87 mol of H2 per mole of glucose. The maximum hydrogen yield with ldhA and frdBC deleted (SR15) was also around 1.82 mol of H2 per mole of glucose; hence, fhlA overexpression and hycA inactivation did not cause a significant increase in hydrogen yield from glucose. Moreover, the hydrogen production rate from glucose was 1.4-fold higher with mutant strain SR15 [27 mmol (mg protein)
] (Table 4 ) compared with the wild-type strain (Yoshida et al., 2006) .
In a study by Penfold and colleagues (2003) , the maximum hydrogen production rate with hycA inactivated in E. coli (strain HD701) was around twofold higher [5.7 mmol (mg protein)
] (Table 4) , compared with the wild-type strain MC4100 at a glucose concentration of 100 mM. The difference in rates between wild-type and the recombinant strain was better (up to 14-fold) at lower glucose concentrations. Increases in hydrogen production rates were similar when industrial waste water with high sugar content was used instead of glucose as a substrate (Penfold et al., 2003) . Introducing an invertase gene, which is responsible for converting sucrose to glucose and fructose, enabled strain HD701 to utilize sucrose and produce hydrogen with a rate of 3.2 mmol (mg protein)
-1 h -1 (Table 4) (Penfold and Macaskie, 2004) . Deletion of tatC to inactivate the twin arginine translocation (Tat) translocase in strain HD701 did not affect hydrogen production significantly probably because the saturated FHL system did not use the excess amount of formate (Penfold and Macaskie, 2004) .
The Tat translocase of E. coli MC4100 transports two uptake hydrogenases, Hyd-1 and -2, and the two formate dehydrogenases, FdH-N and FdH-O, to the cell membrane (Penfold et al., 2006) . The Tat system consists of the TatABCE proteins. Deletion of tatC (strain FTD701) or tatA-E (strain DADE) resulted in a twofold enhancement in hydrogen production rate compared with wild-type E. coli MC4100 [4.4 mmol (mg protein)
-1 h -1 with strain DADE and 2.2 mmol (mg protein)
-1 h -1 with wild type] ( Table 4) . Deletion of hycA (strain HD701) caused a 2.5-fold increase in hydrogen production rate compared with wildtype E. coli MC4100. Combining the tatC and hycA mutations did not improve hydrogen production further. Hence, inactivating the Tat system in E. coli is another way of producing a recombinant system with enhanced hydrogen productivity (Penfold et al., 2006) .
In a study by Bisaillon and colleagues (2006) , the effect of mutations in uptake hydrogenases (Hyd-1, Hyd-2) as well as in ldhA and fhlA of E. coli strain BW545 was investigated (Bisaillon et al., 2006) . Escherichia coli strain JW135, which lacks uptake Hyd-1 and Hyd-2, showed a 37% increase in hydrogen production rate compared with wild-type strain BW545. Mutations in ldhA and in fhlA caused an 18% and 11% increase in hydrogen production, respectively, compared with the wild-type E. coli BW545, and a 47% increase was obtained with the double mutant (ldhA and fhlA). Hydrogen yield approached 2 mol of H 2 per mole of glucose at low glucose concentrations with E. coli recombinant strain DJT135, which lacks Hyd-1 and Hyd-2, and has mutations in ldhA and fhlA (Bisaillon et al., 2006) . Maeda and colleagues (2007b,c) obtained the largest increase in hydrogen production to date by introducing various combinations of mutations in E. coli cells (Maeda et al., 2007b,c) . To enhance hydrogen production from formate, the hyaB and hybC genes were deleted to remove the hydrogen uptake activity by Hyd-1 and -2; the hycA gene (FHL repressor) was also deleted and the fhlA gene (FHL activator) was overexpressed to change the regulation of the FHL complex. In addition, the alpha subunit of formate dehydrogenase-N encoded by fdnG, the alpha subunit of formate dehydrogenase-O encoded by fdoG and the alpha subunit of nitrate reductase A encoded by narG were deleted to inactivate formate consumption other than FHL. focA and focB deletions were also made to prevent export of formate (Maeda et al., 2007b) . The quintuple mutant strain of BW25113 with hyaB, hybC, hycA and fdoG deleted and fhlA overexpressed was shown to be the best mutant strain, and its hydrogen production rate from formate [113 Ϯ 12 mmol (mg protein)
] (Table 4) was 141-fold higher compared with the wild-type strain BW25113. The
Metabolically engineered bacteria for producing hydrogen 117 theoretical maximum hydrogen yield of 1 mol of H2 per mole of formate was also achieved with the quintuple mutant (Maeda et al., 2007b) . This paper is also noteworthy as the authors made 28 isogenic deletion mutants using a novel method involving successive P1 transformations and the E. coli Keio collection (Baba et al., 2006) .
To increase the hydrogen production from glucose, Maeda and colleagues (2007c) studied four more mutations in addition to the nine mutations discussed above (Maeda et al., 2007c) . The fumarate reductase encoded by frdC was deleted to prevent phosphoenol pyruvate from forming succinate (this should increase pyruvate for hydrogen), and to prevent pyruvate from forming anything but formate, the lactate dehydrogenase encoded by ldhA, the pyruvate dehydrogenase encoded by aceE and the pyruvate oxidase encoded by the poxB were deleted. The E. coli septuple mutant with hyaB, hybC, hycA, fdoG, frdC, ldhA and aceE deletions in strain BW25113 had the highest hydrogen production rate from glucose [4.6-fold higher compared with the wild-type strain BW25113, 32 Ϯ 6 mmol (mg protein)
] (Table 4 ). This septuple mutant also had a hydrogen yield of 1.3 mol of H2 per mole of glucose compared with 0.65 mol of H2 per mole of glucose with the wild-type BW25113 cells (Maeda et al., 2007c) .
The strict anaerobe Clostridium sp. usually produces compounds such as acetate (acetic acid), butyrate (butyric acid), lactate, acetone, butanol and ethanol (Chin et al., 2003) (Fig. 3) . Mutants of Clostridium sp. were also developed using metabolic and/or genetic engineering to enhance hydrogen production. Overexpression of its own hydA gene encoding a [Fe]-hydrogenase in Clostridium paraputrificum M-21 resulted in a 1.7-fold enhancement in hydrogen production from N-acetylglucosamine (GlcNAc) (2.4 mol of H 2 per mole of GlcNAc versus 1.4 mol of H2 per mole of GlcNAc) (Table 4) (Morimoto et al., 2005) . The improved hydrogen yield in recombinant C. paraputrificum M-21 was due to enhanced acetic acid production by overoxidation of NADH and drastic reduction of lactic acid production.
Another study showed that inactivation of ack encoding acetate kinase for acetate formation in Clostridium tyrobutyricum resulted in a 1.5-fold enhancement in hydrogen production from glucose (2.2 mol of H2 per mole of glucose versus 1.4 mol of H2 per mole of glucose) (Table 4) (Liu et al., 2006) . The mutant also had 1.4-fold increase in hydrogenase activity.
One must note that, although the theoretical hydrogen yields are greater with strict anaerobes such as Clostridium sp., facultative anaerobes such as E. coli or Enterobacter sp. are more favourable for hydrogen production, as they are less sensitive to oxygen, able to recover their activities if accidentally exposed to oxygen, and have faster growth and hydrogen production rates (Shin et al., 2007) .
Similar metabolic engineering studies have been performed using Enterobacter species as well. Blocking alcohol and some of the organic acid formation pathways in E. cloacae IIT-BT-08 (Kumar and Das, 2000) through mutagenesis resulted in enhanced hydrogen production from glucose (Kumar et al., 2001 ). An E. cloacae double mutant gave a hydrogen yield of 3.4 mol of H 2 per mole of glucose (Table 4) , whereas the wild-type strain gave a yield of 2.2 mol of H2 per mole of glucose. Improvement of hydrogen yields in the double mutant was due to the lower amounts of ethanol and butanediol production. Similarly, due to the lower amounts of ethanol and butanediol production with Enterobacter aerogenes double mutant, the hydrogen yield was enhanced by twofold (Rachman et al., 1997) . Enterobacter aerogenes double mutant strain AY-2 had a hydrogen yield of 1.2 mol of H2 per mole of glucose, whereas the wild-type strain (HU-101) had a yield of 0.56 mol of H2 per mole of glucose in a batch cultures. In addition, the hydrogen production rate using a packedbed reactor in a minimal medium was around twofold higher with mutant AY-2 [6.8 mmol (mg protein) (Table 4) , compared with wild-type HU-101 (Rachman et al., 1998) .
Recombinant hydrogenases
One of the earliest studies for creating strains with recombinant hydrogenases was performed by Karube and colleagues (1983) . Cloning and expressing the hydrogenase gene from C. butyricum in E. coli strain HK16 (Hyd -, lacking the native hydrogenase activity) in CB medium resulted in a 3-and 3.5-fold enhancement in hydrogenase activity compared with wild-type C. butyricum and E. coli C600 (Hyd + ) respectively (Karube et al., 1983) . In another study, the hydrogen yield was enhanced when hydA, the [Fe]-hydrogenase gene from E. cloacae IIT-BT-08 was overexpressed in non-hydrogen-producing E. coli BL-21 as a glutathione-HydA fusion protein (Mishra et al., 2004; Chittibabu et al., 2006) . The recombinant E. coli BL21 had a yield of 3.12 mol of H2 per mole of glucose, which was higher than the wild-type strain E. cloacae IIT-BT-08. Moreover, the maximum hydrogen production rate was reported to be 5.6 mmol (mg protein)
-1 h -1 from glucose with the recombinant strain using a continuous immobilized whole-cell bioreactor in MYG medium (Table 4) (Chittibabu et al., 2006) .
Recently, a cyanobacterial enzyme was successfully cloned and expressed in E. coli for the first time to improve hydrogen production (Maeda et al., 2007d) . The hydrogen yield was enhanced up to 41-fold when the reversible hydrogenase encoded by hoxEFUYH from the cyanobacterium Synechocystis sp. PCC 6803 was cloned in E. coli. DNA microarrays were used to show that expression of the native E. coli hydrogenases was not affected by the expression of the cyanobacterial Hox-EFUYH, and a series of isogenic knockout mutants were used to discern that the enhanced hydrogen production was due to the inhibition of the native hydrogen uptake activity (by E. coli Hyd-1 and -2) by HoxEFUYH (Maeda et al., 2007d) .
Reactor-based methods to increase hydrogen production
There are also non-metabolic engineering ways to increase fermentative hydrogen yields, such as heat treatment for mixed cultures to select for spore-forming bacteria in mixed cultures, sparging and operational controls (Nath and Das, 2004; Kraemer and Bagley, 2007) . For example, gas sparging is usually beneficial for hydrogen production (Kraemer and Bagley, 2007) , and we have found that using a low partial pressure system increases productivity with E. coli (Maeda et al., 2007b) . In addition, sufficient mixing is beneficial for mass transfer of hydrogen from the fermentation to the headspace (Kraemer and Bagley, 2007) .
Compounds other than formate and glucose stimulate hydrogen production by bacteria. For example, thiosulfate elevated hydrogen production by twofold for immobilized E. coli cells by limiting the consumption of glucose by metabolic paths other than those that produce hydrogen; a similar effect was observed by adding succinate (Nandi et al., 2001) . The concentrations of phosphate (when growth limiting) also affect hydrogen yield (Bisaillon et al., 2006) . In addition, low concentrations of nitrogen (less than 1 mM) are significant for enhancing hydrogen yields (reached 2 mol of H 2 per mole of glucose), and the hydrogen yield was dramatically decreased for high concentrations of ammonium (Bisaillon et al., 2006) . Yoshida and colleagues (2005) increased hydrogen production over two orders of magnitude to 254 mmol (mg protein)
-1 h -1 by using high-cell density and 25 mM formic acid (Table 4) ; they estimated that 1 kW of energy could be supplied with 2 l of bacteria producing hydrogen at this rate. Also, they improved hydrogen productivity from glucose by using a metabolite excretion system to remove excess metabolites from the medium; the maximum hydrogen production rate using E. coli SR14 (DhycA DldhA DfrdBC overexpressing fhlA) was 288 mmol (mg protein)
-1 h -1 at a dilution rate of 2 h -1 compared with 74 mmol (mg protein)
-1 h -1 in batch-mode incubation (Table 4) (Yoshida et al., 2007) . Hence, reactor design is important for hydrogen production.
Perspectives
Metabolic engineering is clearly an important approach to improve fermentative hydrogen production, but further research and development are needed for converting cheap feedstocks to hydrogen. For example, hydrogen productivities are now such that reactors of reasonable size are required based on glucose and formate (2-500 l); however, if 24 mol of hydrogen per hour is required for 1 kW of electricity from a fuel cell (roughly enough to power a home) (Levin et al., 2004) , then the annual cost of electricity if formate is used for the fermentation is $172 000 (assuming $12 per kilogram of formate and 1 mol of H 2 per mole of formate) and~$6400 if glucose is used (assuming $0.22 per kilogram of glucose and 1.3 mol of H2 per mole of glucose). Because the theoretical yield has been achieved with formate (Maeda et al., 2007b) and further increases in productivity will reduce the size of the reactor but not the cost of the reactants, then the main way to reduce these costs are to increase the yield from glucose or convert less expensive feedstocks into hydrogen.
Due to the complexity of the hydrogenases and their maturation proteins and due to the fact that 14% of the E. coli genome remains completely uncharacterized (14% is unknown, 32% is predicted by computational analysis and 54% is experimentally determined) (Riley et al., 2006; Willenbrock et al., 2006) , unknown pathways need to be explored (rather than just deleting known pathways). One possible way to achieve this is by applying random chemical mutagenesis followed by the application of DNA microarrays to determine which paths are affected and to identify bottlenecks.
To determine which pathways need to be optimized for hydrogen production, linear programming could be conducted with a metabolic model. Metabolic flux analysis (MFA) is the technique by which flux distributions through metabolic pathways are either determined or predicted (Varma and Palsson, 1994; Stephanopoulos et al., 1998) . Fluxes are calculated through the development of stoichiometric models of the metabolic reaction network. Flux balance analysis (FBA) is a variant of MFA, in which the goal is to find all the feasible flux distributions for an organism under prescribed conditions (Varma and Palsson, 1994; Schilling et al., 2000; Edwards et al., 2002; Reed and Palsson, 2003) . The benefit of FBA is that it may be carried out at the genome scale with limited data and still provide insight into how the organism will behave Schilling et al., 2002; Price et al., 2004; Reed and Palsson, 2004) .
More effort is also needed for creating recombinant strains expressing foreign hydrogenases. The cloned gene could be from an organism that produces an oxygen-insensitive hydrogenase such as Rhodobacter capsulatus (Vignais et al., 1997) , R. eutropha (Burgdorf et al., 2005) or Aquifex aeolicus (Guiral et al., 2006) or it can be from E. coli itself. In addition, protein-engineering techniques, such as DNA shuffling (Canada et al., 2002) , Metabolically engineered bacteria for producing hydrogen 119 may be used to create novel, oxygen-tolerant hydrogenases and hydrogenases with enhanced activity; however, an efficient high-throughput screening method is required to effectively screen thousands of colonies expressing hydrogenase variants. Along these lines, Nagy and colleagues (2007) successfully applied gene shuffling for the first time to create recombinant [FeFe]-hydrogenase libraries of C. acetobutylicum and C. saccharobutylicum; these enzymes have 67% protein identity. A single-stranded DNA approach was used on the hyaA sequences although no screening method was reported. By choosing 62 random clones, one mutant was found with a 30% increase in activity. Because it was necessary to coexpress the accessory proteins HydEFG to achieve activity of the Clostridial proteins in this heterologous host, it may be easier to shuffle native E. coli hydrogenases and make use of its native maturation proteins. This approach has been used successfully by T. Maeda and T.K. Wood who have increased activity of Hyd-3 of E. coli by over 30-fold using a hydrogensensitive membrane (Seibert et al., 1998) to detect hydrogen directly (unpublished). Another rapid screening method based on the spectrophotometric detection of the consumption of formate in E. coli has recently been developed (Maeda and Wood, submitted) ; this is an indirect method that relies on formate consumption being directly related to more active hydrogenases.
The latest project of J. Craig Venter Institute (Rockville, MD), which accumulates DNA from marine microorganisms, may also provide us with naturally engineered novel hydrogenases with interesting metabolic processes; the Venter team already has announced the discovery of a novel oxygen-insensitive hydrogenase (pers. comm.). Discovering novel hydrogenases and metabolic pathways through genetic engineering, high-throughput genomic sequencing, environmental genomics and/or metagenomic technologies (Handelsman, 2004; Riesenfeld et al., 2004; Binnewies et al., 2006) may also help to make biological hydrogen production more favourable, practical and commercially competitive.
